For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


yy 
ens | a 
ION 
S< 
: wy uy Mey 
Qe CO" 
et)? AD 
i 


The University of Alberta 
Printing Department 
Edmonton, Alberta 


oo 
etal 


ay > 


Digitized by the Internet Archive 
In 2024 with funding trom 
University of Alberta Library 


https://archive.org/details/Grant1973 


seers» ores 


#9008 Fe 


beens FOR wcreK mots ae me ae 
“yuan THIS DRCREE ema! ta 

Parad mein te Lignin, .¢ 
ALBERTA.) Gs baad ¢ 


then ss si ‘yon P ple cg. Sly 


Ton EesUiNeTaVebeReS TY TOs was lLeBeE ROT A 


RELEASE FORM 


NAME OF AUTHOR ..... Gerald SUNSMerred) (Grant (08. e. 


TITLE OF THESIS 4A. Phase Locked, Tone, Burst .Generator 


DEGREE FOR WHICH THESIS WAS PRESENTED ....MeSGe...... Siete sls 
YEAR THIS DEGREE GRANTED .........; Le Aen CR mee oc: 
Permission is hereby granted to THE UNIVERSITY OF 
ALBERTA LIBRARY to reproduce single copies of this 
thesis and to lend or sell such copies for private, 
scholarly or scientific research purposes only. 
The author reserves other publication rights, and 
neither the thesis nor extensive extracts from it may 
be printed or otherwise reproduced without the author's 


written permission. 


eee $E82,.... AOU 40-2 
ede ISRAR. ABW, ao mH 80 7. sae Soh 


fae esehy Al e's wag ale Var ot dinv'es bq eW ces wlee Wale] 
7 : 


er a Te eee a ee Je a 
‘7 f 


rete | ee ttle aan Brame HOrHW ROH aa \ 
es Ty cA ae RP ec on THAD Speen 
a0 WrTeAaV IMU HT 3 beraery castol a nokeabnot aa . 
dies Ho askqos olgate souborqed ed YAAMETE ATAAGIA 
vise 22 watgeo ide oq we Sha od hte tana 


ON Mae 


THE UNIVERSITY OF ALBERTA 


A PHASE LOCKED 
TONE BURST 
GENERATOR 
by 


GERALD W. GRANT 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDEES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF MASTER OF SCIENCE 


DEPARTMENT OF ELECTRICAL ENGINEERING 


EDMONTON, ALBERTA 


SPRING, 1973 


A ' - ¥ ry ; 
| Fie me de PS , v4 
w Wee * 


iG ae 
id 


aid 


CSO, AR 


2 Vasu RINT te YO THA 


- | , : 7 : 
7 - | —_ i i a 7 7 
Pa VOR tA. women nS 
* re )* - - ; a 
| | ae 
; We 


: hy ei 


THE UNIVERSITY OF ALBERTA 


FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and 
recommend to the Faculty of Graduate Studies and Research, for 
acceptance, a thesis entitled "A Phase Locked Tone Burst Gener- 
ator'', submitted by Gerald W. Grant in partial fulfilment of 


the requirements for the degree of Master of Science. 


102 ,dotese0% bas eo tbut® 93 
30 sagmittin? leks 


ABSTRACT 


A device has been constructed which generates tone 
bursts with trapezoidal envelope shapes. The tone burst is 
produced by amplitude modulating a sinusoidal carrier with a 
trapezoidal envelope signal. The frequency of the sinusoidal 
carrier and the trapezoid rise, fall, and plateau duration 
times are variable. A digitally programmable phase locked loop 
is used to generate the sinusoid. Provision is made to enable 
the sinusoid frequency to be computer-controllable. The trap- 
ezoid is generated by an analog circuit which is digitally 
controlled. A trigger circuit is included to ensure that the 
tone burst is always initiated at a point of zero phase rela- 


tive to the sinusoid generated by the phase locked loop. 
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CHAPTER 1 


INTRODUCTION 


Much research is being done to learn how the auditory 
system functions. Although the anatomical structure of the audi- 
tory system is well known, there is as yet no satisfactory model 
of the auditory system that lends itself to mathematical analyses. 
In other words, no satisfactory transfer function has been found. 

One experimental method used in auditory research is the 
study of evoked neural responses. These are the responses of the 
auditory neurons that arise from known acoustic stimuli. The neural 
responses are obtained by implanting electrodes in or among the neu> 
rons. So far, such animals as guinea pigs, cats, and rats have 
mainly been studied. Few results are available for human subjects 
as surgery is required to implant the electrodes. 

Various types of stimuli have been used. These include 
clicks, pulse trains, noise, and tone bursts. Most work has been 
done using tone bursts. A tone burst consists of a sinusoid which 
is amplitude modulated with various signals to produce a burst with 
an envelope of a guassian shape, a trapezoidal shape, etc. 

Steady tones are not acceptable as inputs, as the phys- 
iological processes of fatigue and adaptation can influence the 
system response. A tone burst of sufficiently short duration 
(less than about 500 milliseconds) will not produce these effects; 
but a tone burst with a rectangular envelope is also not satis- 


factory since the rapid rise and fall of the envelope causes an 
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2 A trapezoidal envelope 


abrupt transient response to occur. 
avoids the transient phenomenon. 
There is, however, a problem with using simple envelope 
modulation of a sinusoid to produce a tone burst. If the sinusoid 
is given and the envelope signal is allowed to begin at a random 
time, a randomness will be introduced into the tone burst. To 
illustrate, suppose an arbitrary envelope signal, x(t), is to be 
used, and this is to be initiated at a random time (t=0) relative 
to the phase of the sinusoid. That is, if the sinusoid is given 
as sin(w t + $), where oe is the angular frequency, t is time 
measured from the beginning of x(t), and @ is phase angle, then 


@ will be a random-variable. ‘These functions are illustrated in 


Pioure 1.1, 


Envelope 
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Figure 1.1 Illustration of Waveforms 
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A difficulty is thereby encountered. ealiiensin: has 
shown that the ear is sensitive to phase for certain stimuli in 
monaural stimulation. Moreover, binaural stimulation is often used. 
It is not known if the phase sensitivity is significant when trape- 
zoidal tone bursts are used. 

The composite signal or tone burst, b(t), is given by: 

b(t) = fx(t)}-fsinwge + 09] 

In this case the Fourier transform of the composite signal will 
be given by: 

q $b(t)} = Bix ce)}- Bineye + aj ; 
where FG represents the Fourier transform. 


This expression expands to (refer to Appendix A): 
Bi) = (cosB)(*/j)|K@-~,) - K+ | peep) (Gly Case ss xe-< 


where B@) = F f(t} 
and X(w) = fx (tf 
andwis the frequency variable. 

Since $@ is a random variable, it is evident that the 
transform is also of a random nature. If the burst is always 
initiated at the same phase of the sine wave, this randomness 
will be eliminated. For the design that is described in this 
thesis, this phase was chosen as zero degrees. 

If the trapezoidal envelope can be made to begin and 
end at a point of zero phase of the sine wave, any possible phase 


effects will be eliminated. A device capable of producing this 
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type of signal is not available commercially. 


The objective of the work reported in this thesis was 


to design, build, and evaluate such a device. 
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CHAPTER 2 


THE BASIC SYSTEM 


7 Agel The Basic System Organization 

The tone burst generator that was constructed was required 
to meet other specifications as well as to satisfy general requirements 
mentioned in Chapter 1. 

The frequency of the sine wave was to be variable. External 
or internal burst triggering was to be available. The output burst 
amplitude was also to be variable. 

These requirements suggested a phase locked system. This 
type of system was indeed constructed. The basic form of the system 


is shown in Figure 2.1. 
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Figure 2.1 Basic Form of System 
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The digitally programmable phase locked loop generates 
a sinusoidal voltage which is fed to an amplitude modulator circuit. 
The trapezoid generator produces a trapezoidal voltage which is 
also fed to the modulator. Amplitude modulation is performed by 
the modulator circuit. The composite signal will be tone bursts. 
This signal is amplified by the power amplifiers. The power ampli- 
fier outputs are brought out for external use. 

The lkHz clock signal is generated by the phase locked 
loop and is fed to the trapezoid generator circuit. This signal 
is used to time the generation of the trapezoid. A trapezoid is 
generated when the trapezoid generator receives a "Triggered" 
pulse from the trigger circuit. The sinusoid is fed to the trigger 


circuit to ensure that the trapezoid begins at a point of zero phase. 


252 The Phase Locked Loop 


A basic phase locked loop is shown in Figure 2.2. 


Phase 
Comparato 


Figure 2.2 Basic Phase Locked Loop 

The basic phase locked loop can be viewed as a simple 
feedback control system where phase is the variable of interest. 
The voltage controlled oscillator (VCO) generates an output of 
angular frequency w, and phase 6,. This is fed back to a phase 


comparator. The phase comparator produces an output error signal, 
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e(t) ,.which is,;proportional, to. the phase difference between the 
voltage controlled oscillator output and a reference signal of 
angular frequency #, and phase Q,. The phase comparator output 
is filtered by the loop filter and tunes the voltage controlled 
oscillator. This system establishes uw, equal to w, and 0, locked 
to 6;. 

The voltage controlled oscillator can be made to pro- 
duce a frequency other than w. by including a divide by N counter 


in} they feedbackypath. elhisesituationljidseiliustratediineFisures2 .3. 
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Figure 2.3 Phase Locked Loop with +N Counter 

In this system, the output of the +N counter, of angular 
frequency w* and phase 9*, is phase locked to the reference. The 
=N counter divides the output frequency (and phase, to first order?) 
by the factor N. Consequently, the output frequency of the voltage 
controlled oscillator must now be Nw. By programming different 
values of N into the counter, various output frequencies can be 
generated. 

For this application, a range of output frequencies of 
from 100 Hz to 20 kHz was required. With the system shown in 


Figure 2.3, the voltage controlled oscillator must operate over 
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this entire range.” Practical oscillators operate ‘poorly if at 
all over a raneetis large. If the output of the voltage con- 
trolled oscillator is mixed with the output of a local oscillator 
(LO), of angular frequency @ , and the difference frequency is 
extracted, this difficulty can be overcome. This scheme allows 
the voltage controlled oscillator and the local oscillator to 
operate at higher frequencies. The output signal, of angular 
frequency W, and phase 8,5, will now be different from the voltage 
controlled oscillator output. The voltage controlled oscillator 
now need vary only a relatively small amount to produce the re- 


quired range of frequencies. This arrangement is illustrated in 


Figure 2.4. 


Figure 2.4 Phase Locked Loop with Mixer 
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The reference frequency must be obtained from some source. 
If the frequency of the local oscillator is chosen as 256 kHz, 
this signal can be divided down with digital counters to yield the 
reference signal. If the reference frequency is chosen as 100 Hz, 
the output frequency range will be covered in 100 Hz intervals. 
This was considered satisfactory. Consequently, The local oscil- 
lator frequency was divided by 16, by 16 again, and then by 10. 


The resulting system is shown in Figure 2.5. 
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Figure 2.5 Generation of Reference Frequency 
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The two divisions by 16 result in a division by 256. 
Therefore, the output of the second +16 conter is a 1 kHz waveform. 
This signal is the "Clock" signal and is fed to the trapezoid gen- 
erator circuit. The Clock signal and the loop output are both har- 
monically phase locked to the 100 Hz reference signal. 

The particular design of the +N counter causes the counter 
to divide by 2N rather than by N. Consequently, Cee eremenes fre— 
quency must be divided by an additional factor of two to compensate 
for this. An additional =2 was placed after the 10 counter. 

Some signal processing was required at various points. 

The output of the mixer and the local oscillator are sinusoids but 
are required to drive digital circuitry. Therefore, Schmitt trigger 
circuits were required before the digital circuitry. 

A digital to analog converter is fed the programming of 
the +N counter. The output of this circuit is fed to the voltage 
controlled oscillator and coarse tunes the oscillator to a frequency 
near the frequency required. This scheme reduces the required 
tuning sensitivity of the voltage controlled oscillator and results 
in improved noise performance. The complete phase locked loop is 
illustrated in Figure 2.6. 

The "squared" sine wave is fed to the trigger circuit. 
This signal is used to ensure that the trapezoid is always initiated 


at a point of zero phase. 
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12 
ors The Trapezoid Generator 
The generated trapezoid was to have controllable rise and 
fall times as well as a controllable plateau duration time. The rise 
and fall times were to be equal. The peak amplitude was to be constant 


as well. These times are illustrated in Figure 2.7. 
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Figure 2.7 Illustration of Trapezoid 
The basic organization of the trapezoid generator section 


is shown in Figure 2.8. 
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Figure 2.8 Trapezoid Generator Organization 


The trapezoidal waveform is generated by the "Trapezoid 
Synthesizer". This circuit consists of two switched current sources 
of equal magnitude that charge and discharge a capacitor. This 
scheme is illustrated in Figure 2.9. 
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Figure 2.9 Trapezoid Generator Current Sources 


Capacitor 


The trapezoidal waveform is produced by switching the 
current sources on and off. The equation describing the charging 


(or discharging) of a capacitor by a current source is: 


Veap(t) ae ry 
Ce 


where Veet is the voltage on the capacitor, T. is the value of 

the charging current, C, is the capacitance of the capacitor, and 

t is time. When only one current source is. operating, the voltage 
on the capacitor will be linearly increasing (or decreasing) with 

time. By properly switching the two current sources, a trapezoid 

can be generated. The switching sequence for a negatively going 


trapezoid is shown in Figure 2.10. 
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Figure 2.10 Current Source Switching Sequence 

Proper timing is required to generate a trapezoid with 
specified rise/fall times and plateau duration time. The current 
sources are controlled by the "Trapezoid oatecliein eee to 
Figure 2.8). The switching times are determined by the two pro- 
grammable counters shown in Figure 2.8. The required rise/fall 
and duration times are programmed into these counters. When the 
trapezoid controller receives a Triggered pulse from the trigger 
circuit, a switching sequence is initiated. The trapezoid con- 
troller gates the appropriate counter "ON", and this counter begins 
to count down from its programmed value. Since the 1 kHz clock 
signal drives the counters, 1 millisecond intervals are measured 
off. After the programmed time has elapsed, the counter sends a 
"DONE" pulse to the trapezoid controller. This circuit will then 
advance to the next required switching operation. The trapezoid 
controller continues to provide the required switching sequence, 
all the while being timed by the counters, until the complete 
trapezoid has been synthesized. When the entire sequence has 
been completed the trapezoid controller is ready for another 


Triggered pulse. 
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Since the 1 kHz clock signal is harmonically phase locked 
to the 100 Hz reference and the output sinusoid is also harmonically 
phase locked to the reference, then the trapezoid will be "phase 
locked" to the output sinusoid. Consequently, the trapezoid will end 
at a point of zero phase of the sinusoid if an integral multiple 
of the period of the sinusoid is equal to the” total of the rise, 
fall)-and duration times. That is) if an integral number of apy ae 
of the sinusoid will exactly "fit" within the trapezoid, then the 
system will ensure that the trapezoid ends at a point of zero phase. 

The output trapezoid must have a constant peak amplitude 
independent of the rise/fall times. The equation describing the 


charging of a capacitor by a current source was given as: 


Veap (t) az e 
c 


This equation shows that if a constant charging current is used 

and a varying charging time is employed, then a varying peak value 
of Veap (t) will be obtained. This situation can be remedied by 
employing a gain control circuit. If a digital to analog converter 
is fed the programming of the rise/fall counter, then a voltage 
will be available which can be used to set the gain on the gain 
CONLTOL circuit.  dhis cireuit Either amplifies or attenuates 
(which ever is appropriate) the synthesized trapezoid such that 

the trapezoid output from the gain control circuit will have a 
constant peak amplitude, independent of rise/fall times. The 


complete trapezoid generator section is shown in Figure 2.ll. 
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Figure 2.11 Complete Trapezoid Generator 
Dae The Modulator 


The modulator is required to amplitude modulate the 
sine wave generated by the phase locked loop with the trapezoid 
generated by the trapezoid generator. Amplitude modulation is 
an analog multiplication process. Consequently, an integrated 


circuit analog multiplier was used. 


Two output channels with separately variable output 
levels were required. Consequently, two power amplifiers were 
required. —Ihe input to each amplifier is the tone burst pro— 
duced by the modulator. 


The power amplifiers areof an operational amplifier 
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configuration. Switched feedback elements were used to vary the 
output power levels. Ten power levels are available, at 5 db spacing, 
with the lowest power level (0 db) being 50 ~w into 8 ohms. The 


highest power level (45 db) is approximately 1% watts into 8 ohms. 


240 The Trigger Circuit 


The trigger circuit triggers or initiates a tone burst. 


This system is illustrated in Figure 2.12. 
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Figure 2.12 Trigger Circuit 

Two conditions must be met before a burst is triggered. 
First, a "Trigger'' pulse must occur. This pulse can originate 
from one of three sources, depending upon the trigger mode selected. 
This pulse rae originate from an external source, a manual push- 
button, of a local low trequency. unijunction transistor oscillator. 


This Trigger pulse is detected by the "Trigger Detects eiteuLe, 
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Second, the generated sine wave must be at a point of 
zero phase. . This point is detected by the "Sense" circuit. 

The outputs of the Sense circuit and the Trigger Detect 
circuit are fed to the "Coincidence" circuit. When both a trigger 
pulse and a zero phase condition have occurred, the Coincidence 
circuit produces an output ''Triggered" pulse. This pulse is fed 
to the trapezoid controller and initiates a tone burst. The 


"Triggered" pulse is brought out for external use. 
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CHAPTER 3 


PHASE LOCKED LOOP DESIGN 


Bit Introduction 

The physical implementation of the phase locked loop 
was illustrated *in’ Figure 2:6. "Each block in®Figure?226"can be 
represented by a mathematical model. When each block has been 
modelled, a loop transfer function can be obtained. The loop 
transfer function can be used to find the steady/state and transient 
response of the phase locked loop, and thereby tailor the system 


to meet specified performance criteria. 


iad Derivations of Models 
Shae see! The Phase Comparator 
The phase comparator produces an output voltage, e(t), 
proportional to the difference in phase of the two input waveforms. 
Consequently, this circuit can be represented as a summing junction 


with a gain, Ke Thissis illustrated in hisurer3 i. 


e(t) 


Figure 3.1 Phase Comparator Model 


It is possible to write an equation describing the phase 


comparator operation. This will be: 
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E(s) = k,(Q.(s) -@*(s)) 
This model will be valid if the phase locked loop is in lock or 
is close to lock, 

Be aays The Voltage Controlled Oscillator 

The voltage controlled oscillator has a linear frequency 
versus tuning voltage characteristic. This can be written: 

OCs yeu CC) Eee, 
where ky is an associated gain and v(t) is the tuning voltage. 

d 


However, W(t) = Te Be (tL) 
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Taking Laplace transforms and assuming zero initial conditions gives: 


Wy(s) = ky(Vy(s)) = sO (s) , 
where s is the Laplacian variable, AL (s) is the Laplace transform 
of w(t), @ J (s) is the Laplace transform of 0,(t), and Vs) is the 


Laplace transform of ve Gtic Rewriting gives: 


@y(s) * ky 


Vy (s) Ss 


Sees The Loop Filter 


The filter immediately following the phase comparator 


will be designated a transfer function F(s). 
Si 4 The =N Counter 


The +N counter divides the output frequency by a factor 
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2A. 
of 2N. Phase is also divided by this factor. Thus, the counter 


can be represented as a gain of 1/2N. 
So) PAs) The Mixer 


The mixer mixes the output of the voltage controlled 
oscillator with the output of the local oscillator. Let the out- 
put of the voltage controlled oscillator be given by sin@wt + i) 
and the output of the local oscillator by cos (#)t =P 01)» where 7) 
tsstheslocalvosciilator angular frequency and e;) is the respective 
phase. Amplitude information is not relevant,so it will be ignored. 
Theamixer OutpULeLy (Ut )euis given by? 

y(t) = [sineyt + 0) |+[eos et + 0)| 2 
This expression expands to give: 

y(t) = sin,t Tovey et On et sin t Oy eee Ges 8) 

The sum frequency is filtered out. This leaves only the 
difference frequency. If the output is given as sin()t + dae lo then: 

sin@at + 6) = sin[(, -01)t + (y - )| 
This gives the total phase relation: 

Shean SVG SEY) a 
Laplace transforming the above equation and assuming zero initial 
conditions gives: 

O56) ="OYG) -@rGy™, 
where @ 5 (s) is the Laplace transform of @,(t), ©, (s) is the Laplace 
transform of @,(t), and ©, (s) is the Laplace transform of 0, (t). 

Consequently, the mixer can be represented as a summing 


junction with a gain of 1. This model is shown in Figure 3.2. 
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Figure 3.2 Mixer Model 


Se Schmitt Triggers 
These circuits do not change the phase information but 
operate only on the amplitude of the signals. Consequently, their 


effect can be ignored. 


Ses) System Modelling 


By replacing the functional blocks in Figure 2.6 with 


the appropriate models, Figure 3.3 is obtained. 


Figure 3.3 System Model 
The above model is difficult to analyse. However, the 


model can be simplified to the equivalent model shown in Figure 3.4. 
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J (s) ~ Ay (8) /2N JL (s) 
: (@) 
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Figure 3.4 Equivalent Model 

Lec k(s) = @(s) -@ (s)/2N. An input to the system 
occurs when the programming of the +N counter is changed. This 
disturbance can be considered as a change in the input signal, wee 
The system is treated as if the disturbance had arisen by a change 
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Tf FCs) is of the form kp (s + a)/s , then the transfer function 
becomes: 


Wo 6S) 4 kK ky kg (s + a) 


I(s)  s* +(kpkyke/2N)s + (Kpkyke/2N)a 
This equation is of the form: 
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where K* is a lumped gain, is the damping ratio, and is the 


n 
undamped natural frequency. 


A root locus plot of the transfer function is drawn in 


Figure 3.5. The open loop transfer function is given by: 


open kykyke (s =r fy) 
open loop function =——————_- 
2Ns2 


The root locus plot is constructed with the pa-ameter kykyke/2N being 


varied. 


Imaginary 


Figure 3.5 Root Locus Plot 

The root locus has two branches beginning at the origin, 
with one asymptote located at 180 degrees. The center of gravity 
is at s = -a; however, with only one asymptote, there is no intersection 
at this point. Thesroot locus lies on a circle centered at s = —a, 
and continues on all Reece ys the negative real axis to the left of 
the zero (at s = -a). The breakaway point is at s = -2a. It is 


evident that the system is unconditionally stable. 
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3.4 Performance Constants 
It is useful to determine the system response to various 
inputs. The error signal, e(t), is the output of the phase com- 
parator. A transfer function which relates the error signal and 
the input signal can be found. This is: 
E(s) ks 


A dng fie tia hy 
I(s) 62 + kokyk (s + a)/2N 


where E(s) is the Laplace transform of e(t). 
In general, the final value theorem of Laplace transform 
theory states that: 


limsx(t)) =m slam sx(s)” ae 


t -» 00 s—0 
where X(s) is the Laplace transform of x(t). 


Therefore, the steady/state error of the system can be found by: 
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If the input signal consists of a step in phase, then I(s) = 40/s, 
where AQ is the magnitude of the phase step. For this case: 


lim sM(s)(A@/s) = 0 , 
s~0 


The system will completely correct itself for a step in phase. For 
a frequency step of magnitude Aw, I(s) = Aw/s2, For this case: 


lim sM(s) (4w/s2) =2 5S. ClLOLME. 
s—>0 
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or: 
k 62 : A 

S.S* erroceas ®! ineeGs)s|———— ee | ew 
s-? 0 5 + kpkykg (s + a)/2N 37 


This equation implies that the error will be zero. 
This will be true only if a perfect integrator is used as part 
of the filter F(s). This is not the case. An operational am- 
plifier was used. In this case, the transfer function is only 
approximated by F(s). The true filter response is given as 
(refer to Appendix B): 

F(s) = Ag, ———________ », 

sCR, rh sCR, = Ap sCRy are ve 

where Rj, Rj, and C are the component values of the filter, and Aj), 
is the open loop gain of the operational amplifier. 
Using this result gives: 


2N (Aw ) 
GaSe elt OLe = be 


KVAor, 


This error is not zero, but is vanishingly small. Thus, the system 


will track out a step in frequency. 


S35, Loop Parameters 
The loop transfer function was previously given as: 
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I(s) 3? +(kpk yk, /2N)s + (kpk kp /2N)a 


This equation is of the form: 


Jto(s) K*(s + a) 


= ET e 


I(s) (s2 ee g nS +0) 


. 
a 7 
$< ant Pee Be, 
* a aai>» < Te v1 vel 106 Y 2 istq 


otoong IGs Ly 


oh 


P _ _ cect heme, alee aaa 
: > aoe 
as | 
» - si . ‘ ¥ : é = AH &7i Ps 
4 a ' 2 ut a wwag- Si t 
: 
af : ‘ , Tag . G2 
ob 2 
a i? 
el een -—. 372i. . 
' 
aif, : 
( ya Sta sat 7 vi Esters’ | rid Ore 


teh tuvia glaudtvyeig Jen adlasnis? 297 
' : - 7 
7 


: a <a mie 


27 


Therefore: 
kokvke a 
wo, = 
2N 
5 ed kpk Ke 
2 2aN 


In this system, N varies from 1 to 200. For a nominal 
design, N was selected to be the geometric mean of the two extremes. 
This gives N = ,J200 . A value of N = 14 was used. For this value 
of N, a damping ratio of 4s was chosen. Also for this value of N, 
the output frequency error was to be less than 10% for a time 
greater than 0.1 second. From normalized curves’ , tt Hs found that 


the output error will be less than 10% with §= 4, fortwrt=ereater 


than 4. Therefore: 


Let @, = 40. This gives: 


kpkyke 
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40 = 


Also, from the damping ratio relationship: 


' kyk ke 
4 = 
28a 
These equations yield: 
a = 40 
and Kokyk¢ = 1120 


The values of #, and § will vary with N. Table 3.1 gives 
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the values of w and § as functions of N. The settling time 


(time to reach 10% error) is also given. The settling time is 
found from normalized curves. 


7 
Settling wane for 
5 Time 210% error 
149.6 1l.o75 0.9004 (sec) pet 


The values of a and k, are determined by the values of 


Table 3.1 Values of w and § 


the components comprising the loop filter (refer to Appendix B). 
To satisfy the requirements put forth for w and @, Vaca must be 
equal to 40 and kykyk¢ must be equal to 1120. The value of kp was 
found in Chapter 5, section 1. A value ky was also found in Chapter 
5, section 1. The value of ky is the sensitivity of the voltage 
controlled oscillator to the coarse tuning voltage. The voltage 
controlled oscillator does not require this large value of sensi- 
tivity for the input from the phase comparator/loop filter. An 
order of magnitude reduction is possible. A value of ky o KV /10 
is used for the voltage controlled oscillator sensitivity for this 
tNpUb lL nis elves: 


1.05% 10° 


be 
i} 


k, = 2342 


28 


7 


: = 
o SP 4itirs gsori3% 


oil 


Sule 
TeremlS aa BAUD 
‘egattiu 2A 


Sentiay S:7T 


“apes. 20 siley : Tia 


mim oh 
sh a 
7 


-_ 


: = 


a 


cat 


7 


Pt sire aft 


tals 


ad aiitai 
Abieibaes sh 


ae 


af att 


EDI 


BOW 1 otto A 


G3 


4 


ale 


ie 


7 
Le 
_ 


ji et — 
i. he - - y) 
~3¥Rn3 lov E45 hed, a2eKt =» aad Le | 
ag “5 Wes 70 450% ° 
lpia ‘ Mt oy oF ao 


i‘. 
ae Tail tt Tash ttn TSHMD on mi ita: MOTT eer << at 


‘eur 
dr 


thus ao 


; 
! a ' 
44 s70T0 962 ~ y Iqes 


“rst ee : if 
t ¥ Sek 


: on ae 
Ti eZ00L -. 


Therefore: Ke = 0.046 
The loop filter component values can now be calculated. 
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CHAPTER 4 


CIRCUIT DETAILS 


1A Introduction 

Several of the circuits used in the tone burst generator 
are of a novel design. These circuits are presented in this chap- 
ter. The circuits that are of a more standard nature are presented 
in Appendix C. 


4ae2 The =N Counter 


This counter is a three decade down counter. The de- 
sired value of N is programmed into the counter in a binary coded 
decimal (BCD) form. The programming is seerined either from BCD 
output thumbwheel switches or from an external source. The counter 
counts down from its programmed value until zero is reached. This 
condition is decoded and an output pulse is generated. This pulse 
reloads the program into the counter and toggles an output flip- 
flop. The counter is now ready to begin another count cycle. A 
block diagram of the counter is shown in Figure 4.1. 

Each decade of the counter was constructed as a synchronous 


counter using integrated circuit logic gates and flip-flops. The 


" Ww 


flip-flops used do not have a "set" capability but do have a "reset" 
capability. Here "reset'' means "set to zero". Consequently, the 
counting sequence is that which would normallv be termed "up counting". 
The logic states are shown in Table 4.1. The letters A, B, C, and 


D refer to the bits of the decade counter where A is the most sig- 


nificant bit and D is the least significant bit. 
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This counting scheme allows the programming to be loaded 
into the counter by resetting the appropriate flip-flops. 
The flip-flops used are J-K flip-flops. The J and K 
inputs have been tied together. Table 4.2 shows the flip-flop 


response for this situation. 
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one clock pulse 

Table 4.2 Flip-Flop Response 

An individual flip-flop will change states at a clock 
pulse if its J/Kiimputs are low, Pthatyis, zerovaalt will mot change 
states if its J/K inputs are high. The counter functions by decoding 
the state of the counter,and using the decoded outputs to program 
the J/K inputs of the flip-flops. A schematic diagram of one 
decade of the counter is shown in Figure 4.2. 

Logic gates G5, G6, G8, and G10 perform the decoding 
function. These gates provide the required J/K programming as 
well as decoding the decade zero state. Logic gates G12, G13, 
and G14 produce a "CARRY" pulse. Gate G12 is enabled when the dec- 
ade is in the zero state. Consequently, the next clock pulse will 
be passed to the next decade. This method relies upon gate delays 
at certain times. If the decade of interest contains the equiv- 
alent of the numeral zero(that is, 1111), and the next decade con- 


tains the equivalent of the numeral one (that is 1110),then the 
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next clock pulse advances both decades. However the decade of 
interest will change from 0 to 9 before the second decade changes 
from 1 to 0. Consequently, the condition of both decades being 
in the zero state does not occur and a false reset cycle is avoided. 


This is illustrated in the timing diagram shown in Figure 4.3. 
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Figure 4.3 Carry Pulse Timing Diagram 

The program is loaded into the counter by resetting or 
not resetting the particular flip-flop concerned. That is, if a 
leis requiredjin a»particular flip-flop, that flip-flop is not 
reset; but if a 0 is needed, then that flip-flop is reset. The 
reset inputs of the flip-flops are driven by NOR gates. The 
RELOAD input to each gate (Gl - G4) holds the gate outputs low. 
This condition has no effect on the flip-flops. When the counter 


has reached the zero state, the RELOAD bus goes low. The programming 
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inputs now determine which flip-flops are reset. This allows the 
program to be loaded into the counter. The program must be the 
complement of normal BCD to achieve correct programming. 

Each decade decodes its own zero state. The decoded 
outputs from each decade are fed to an additional decoder. This 
circuit determines when the entire counter has reached the zero 
state, not merely one decade of the counter. This circuit is 


shown in Figure 4.4. 
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Figure 4.4 +N Decoder Circuit 


The RELOAD signal is a pulse, since as soon as the pro- 


BD 


gram has entered into the counter, the decode circuit will no longer 


see the counter in the zero state. The RELOAD pulse will have a 


width of only several gate delays. This pulse occurs once every 


N clock pulses, where N is the number programmed into the counter. 
The RELOAD pulse toggles an output flip-flop (FF5) to give an out- 


put square wave with frequency equal to the input frequency divided 
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4.2  Rise/Fall Counter 

This counter consists of a three decade down counter, and 
its design was similar to that of the +N counter. Only the decoding 
of the zero state, the input buffer, and the last (most significant) 


decade vary. A schematic diagram of this part of the counter is given 


in iFieure 4.5. Prog. | 33f, 


Prog. 


Decade-l Decade-2 


G1-G4 - % MC724P 
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1 kHz clock 
Gate R/F Done 
R/F 


Figure 4.5 Schematic of the Rise/Fall Counter 

The last decade of this counter can assume only two values, 
either al or a 0. Consequently, the largest number which can be 
programmed into the counter is 199. Therefore, the longest trapezoid 
rise/fall time which can be produced is 199 milliseconds. 

Gate G4 is fed the 1 kHz clock signal and the GATE R/F 
signal from the trapezoid controller circuit. The GATE R/F signal 


is normall- high, Thus preventing the 1 kHz signal from toggling 
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the counter. When a trapezoid is to be generated, the GATE R/F 
signal will go low and allow the 1 kHz clock signal to toggle the 
counter. The RELOAD signal is fed back to the trapezoid controller. 
This signal is the R/F DONE signal shown in Figure 2.8. 
4.3 The Duration Counter 

This counter is a two decade down counter, and its design 
was similar to that of the +N counter. The first decade of the counter 
is identical to the decades of the +N counter. The last decade, the 
counter zero state decoding, and the input buffer are different. 


A schematic diagram of the counter is given in Figure 4.6. 
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Figure 4.6 Schematic of the Duration Counter 
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Gates Gl and G2 perform the necessary decoding and pro- 
gram the J/K inputs of FFl and FF2. Gate G3 decodes the counter 
zero state. The 1 kHz clock input is divided down to 100 Hz by 
the integrated circuit decade counter ICl. The reset terminal of 
ICl is fed from the trapezoid controller circuit and is used to 
gate the ;counter on and off. The. RELOAD pulse is fed back to the 
trapezoid controller. This pulse is the DUR DONE signal shown 
in Figure 228. 
4.5 The Phase Comparator and Loop Filter 

A schematic diagram of the phase comparator is shown 
in Figure 4.7. The loop filter is also shown in this figure. 

The actual phase comparison is made by ICl. Transistors 
Ql and Q2 are amplifiers that boost the level of the input signals. 
The output of ICl consists of a differential pulse width modulated 
Signal. Operational amplifier IC2 converts this signal to a single 
ended output of both positive and negative going pulses. Operational 
amplifier IC3 comprises the loop filter and integrates the pulses 
to a DC level. The values of Ri» Ro» and C were calculated in Chapter 
SeSeCELOnE. 


4.6 The Voltage Controlled Oscillator 


The voltage controlled oscillator must be tunable over a 
specified frequency range. The output amplitude must be independent 
of the output frequency. A block diagram of the oscillator is shown 


in Figure 4.8. 
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Figure 4.7 Schematic of the Phase Comparator & Loop Filter 
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Figure 4.8 Block diagram of the Voltage Controlled 
Oscillator 


the capacitor. Current source D is fixed at a value of I. Current 
source C is switched between the values of 0 and 21. When C is 

off, a net current of I will discharge the capacitor. When C is 

on, a net current of I will charge the capacitor. The Schmitt trig- 
ger has an upper trigger level of Ey and a lower trigger level of EL. 
These two values are not the same. Consequently, when C is off the 
voltage across the capacitor will decrease until E,, is reached. 

This voltage switches the Schmitt trigger. C will be turned on 

and the voltage across the capacitor will increase until Ey is 
reached. This voltage causes the Schmitt trigger to switch again. 
The input to the Schmitt trigger will be a triangular waveform with 


upper and lower values of E,, and E, respectively. The schmitt tric— 


U 
ger output will be a square wave. The control voltage varies the 
lower trigger point of the Schmitt trigger .° The value of E, affects 
the period of the triangular waveform and therefore the output fre- 


quency. A schematic diagram of the voltage controlled oscillator 


is given in Figure 4.9. 
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ae? The Trapezoid Synthesizer and Gain Control Circuit 
This circuit actually produces the trapezoidal waveform. 
It is controlled by the trapezoid controller circuit. A schematic 


diagram of this circuit is shown in Figure 4.10. 
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Figure 4.10 Schematic Diagram of the Trapezoid Synthesizer 
& Gain Control Circuit 
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Transistors Q5 and Q6 comprise the two current sources 
that charge and discharge the capacitor Cl. Transistors Ql and 
Q2 accept the A and B inputs from the trapezoid controller. These 
transistors switch Q5 and Q6 on and off. Transistors Q3 and Q4 
drop the power supply voltage to +10 volts, thus enabling Q5 and Q6 
to be switched off. 

Transistor Q7 buffers the trapezoid waveform to the gain 
cOuLrO Circuit.) [he  gainveontmol circuit consasts ore 0G sand s.Cl. 
The voltage dependent drain-to-source resistance of Q8 (an FET) is 
used to vary the gain of the operational ante le oe The gain is 
determined by the control voltage, Vy sa? which is obtained from 
the Rise/Fall digital to analog converter. 

4.8 The Trapezoid Controller 

The trapezoid controller generates the switching sequence 
required to synthesize a trapezoid. The required switching func- 
GHons are. blustrated inikicure 4.11. The lcircuitiwasabuiltlup 
using integrated circuit logic gates and flip-flops to obtain the 


required control logic, A schematic diagram of this circuit is 


shown in Figure 4.12. 


‘Gee Lie Trigger Circuit 

The trigger circuit determines the time at which a 
trapezoid is initiated. Two conditions must be met before a 
erenezoddeie initiated. First, a trigger pulse must occur; and 


second, the sinusoid must be at a point of zero phase. A schematic 
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Figure 4.11 Trapezoid Controller Switching Sequence 
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Figure 4.12 Schematic Diagram of the Trapezoid Controller 
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diagram of this circuit is shown in Figure 4.13. 
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Figure 4.13 Schematic Diagram of the Trigger Circuit 

The trigger pulse is detected by flip-flop FFl. The 
pulse sets the flip-flop. The ''squared'' sine wave is differentiated 
by Rl and Cl. The resulting "spikes'' are fed to the NAND gate Gl. 
When the gate has been enabled by the flip-flop, the next spike 
will be transmitted through the gate and trigger the trapezoid 
controller. The spikes are also used to reset the flip-flop. 
Enough time delay is included (R2 and C2) to ensure that a non- 


ambiguous pulse is transmitted by the gate. 
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CHAPTER 5 
EVALUATION OF THE SYSTEM 

Dok Phase Locked Loop Measurements 

Several parameters are of importance in evaluating the 
phase locked loop performance. 

First, 4n Chapter 3. two assummtions were made in the 

analysis of the phase locked loop. These were that the voltag 

controlled oscillator output frequency varied linearly with the 
tuning voltage, and that the phase comparator output varied linearly 
with the input phase difference. The response of the voltage con- 
trolled oscillator was measured and is illustrated in Figure 5.1. 
The response of the phase comparator is shown in Figure 5.2. It 


can be seen that the actual responses closely approximate linear 


responses. 
280 
275 Slope of the curve gives: 
VCO 4 
x rad/volt~sec 
ata 1.05 *10 
Frequency 
(kHz) 


Tuning Voltage (volts) 


Figure 5.1 The Voltage Controlled Oscillator Response 
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The slope of the curve in Figure 5.1 gives the value of 
ke the voltage-controlled-oscillator sensitivity constant. The 
value of this constant gives the oscillator sensitivity to the 
coarse tuning voltage. The tuning voltage derived from the filter/ 
phase comparator has a much attenuated effect, as discussed in Chapter 
3, page 28. The sensitivity to this signal is given by k,- 

The output of the phase comparator was measured by ap- 
plying a known step in phase to the phase comparator inputs and 
measuring the slope of the resulting at the loop filter output. 
Assuming that the zero of the loop filter can be ignored, the output 
of the filter is given as: 

v(t) = (k,) (A) (t) (ke), 
where AG is the magnitude of the phase step. Thus, the slope of the 
ramp is (kp) (AB) (kg) . If a known value of k-e is temporarily used, 
the value of KS can be found. This procedure is necessary as the 
comparator output consists of a pulse width modulated signal, that is, 
the comparator output consists of either positive or negative pulses, 
the width of which is determined by the magnitude of the input phase 
step. Pulse polarity is eresaries by the lag/lead relation of the 
two input signals. 

Second, the phase locked loop was to generate fixed ampli- 
tude sine waves of various frequencies. Figure 5.3 shows a plot of 
the power amplifier outputs as a function of frequency. A fixed 
voltage was applied to the trapezoid input of the modulator to obtain 


a measurable output. 
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Slope of the curve gives: 
c =E 2 avolts/ radian: 
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(Plotted with ke = 0.21) 
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Figure 5.2 The Phase Comparator Response 
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Figure 5.3 Amplitude vs Frequency Response 
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The frequency response rolls off sooner than expected. 
This results from the extensive compensation required to prevent 
spurious oscillations. The integrated circuit muitipliers are 
especially responsible for the rapid roll-off. These circuits 
required large amounts of compensation to prevent spurious oscil- 
lations. The power amplifiers also required compensation to pre- 
vent oscillations from occurring. All these factors combine to 
degrade the frequency response. As a result, the frequency re- 
sponse is /db down at 10 kHz. 

The distortion of the sinusoid was also measured. A 
plot of the distortion versus frequency is shown in Figure 5.4. 
A fixed voltage (equal to the peak trapezoid voltage) was applied 
to the trapezoid input of the multiplier to obtain a measurable 


output. 
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Figure 5.4 Distortion of the Sinusoid 
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The large values of distortion which were measured are 
misleading. Any noise in the system causes phase jitter and this 
jitter contributes to the distortion as measured with a distortion 
analyser ( Hewlett-Packard 330B ). The jitter is more pronounced 
at lower frequencies and thus a larger distortion figure is mea- 
sured at lower frequencies. 

Third, the phase locked loop was to have specified tran- 
sient response characteristics. That is, the damping ratio, the 
natural undamped resonant frequency, and the settling times were 
to be close to the values given in Table 3.1 (page ).  Onlysthe 
settling times can be conveniently measured. Table 5.1 shows the 


settling times which were actually obtained. 


Settling Time 


Table 5.1 Phase Locked Loop Settling Times 

These values are very reasonable. The settling time 
for 20 kHz is unavailable since the amplitude of the sine wave 
rolls off rapidly at this frequency. Consequently, the frequency 


detecter circuits employed give erroneous results at this frequency. 
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The response of the system to various steps in N is 
shown in Figure 5.5. The damped responses are typical of other 
settings of N. The responses were obtained by setting N at a 
specified value and dialing a step in frequency, that is, by 
suddenly dialing a different value of N. The output sinusoid was 
monitored by the circuits shown.in Figure 5.6. The outputs of 
these circuits were monitored with a storage oscilloscope. The 
outputs of these circuits are proportional to the input frequency 


applied to them. 
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(a) 400 Hz to 4500 Hz Response 
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(b) 4 kHz to 5 kHz Response 


Figure 5.5 Phase Locked Loop Output Frequency 
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Figure 5.6 Frequency Measuring Circuits 

The output of the phase. locked loop was to consist of 
a sinusoid of specified frequency. The output contains, however, 
a small amount of the sum frequency produced by the mixer. This 
component was measured and was found to be 50 db down from the 
desired output signal. 
are. Trapezoid Generator Measurements 

Two parameters are of importance in Pietevatia ctor of the 
trapezoid generator's performance. These are the trapezoid droop and 
the qeapeots peak amplitude as a function of rise/fall times. The 
trapezoid droop results from leakage currents which discharge the 
holding capacitor in the Trapezoid Synthesizer circuit. Ideally, 
the voltage on the capacitor would remain constant for an indefinite 
length of time. However, leakage currents cause a discharging of the 
capacitor and hence the resulting droop. This effect is illustrated 
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Figure 5.7 Trapezoid Droop 


The accuracy of the Gain Control Circuit determines how 


well the trapezoid generator maintains a constant peak amplitude 


as the rise/fall times vary. The Trapezoid Synthesizer produces 


trapezoids with varying peak amplitudes. The Gain Control Circuit 


is controlled by the output voltage of the Rise/Fall Digital to 


Analog Converter and either amplifies or attenuates the trapezoid 


to produce trapezoids of constant peak amplitude. This aspect of 


the trapezoid generators performance is illustrated in Figure 5.8. 
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Figure 5.8 Trapezoid Peak Amplitude Performance 
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SG) Tone Burst Performance 
The tone burst generator would ideally not have any 
sinusoid output when a tone burst was not desired. However, only 
a limited amount of carrier suppression can be achieved. Other 
generators have been constructed with varying success with carrier 


suppression!9>11, 


The more sucessful methods tend to be complex 
and costly. A plot of carrier suppression versus frequency is given 
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Figure 5.9 Carrier Suppression 
The tone burst was to start and ehd at a point of zero 
phase relative to the sine wave carrier. A tone burst was triggered 
and the resulting waveform recorded with a storage oscilloscope. 


The waveform is reproduced in Figure 5.10. 
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Figure 5.10 Tone Burst 
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CHAPTER 6 
CONCLUSION 

Ger Conclusion 

It was desired to construct a device which was capable 
of generating trapezoidally modulated tone bursts. This has indeed. 
been accomplished. Chapter 2 of this work shows how the device was 
organized in order to satisfy the requirements placed upon it. Chapter 
3 shows the analysis of the phase locked loop which was used in the 
device. Chapter 4 gives detailed circuit descriptions of some of 
the more novel circuits used in the construction of the device. 
Further circuit details of other circuits used in the device are 
given in Appendix C. 

The device was evaluated in Chapter 5. Various graphs 
that illustrate the tone burst generator's performance are shown 
in Chapter 5. The linearizing assumptions made, regarding the voltage 
controlled oscillator and the phase comparator, were shown to be very 
reasonable. The rapid roll-off of the frequency response is un- 
avoidable. This rapid roll-off does not seriously affect the gen- 
erator's usefulness, as the acoustic transducers that are to be used 
with this device are highly nonlinear and a calibration curve must be 
used with these devices. The phase locked loop settling times are 
longer than the analysis in Chapter 3 would suggest. This fact 
limits the rapidity at which a tone burst can be triggered after 
a change in carrier frequency. The long settling times are par- 


ticularly limiting at higher values of carrier frequency. The 
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a] 
trapezoid generator proved to have very reasonable performance. 
The carrier suppression was comparable to that of other devices 


which have been constructed. 


622 Suggestions for meee Work 

Several improvements can be made in the system. An 
obvious extension is the inclusion of other waveforms, in addition 
to the trapezoid, to modulate the sine wave. It would be a rela- 
tively simple task to include additional circuits to generate such 
waveforms as a guassian waveform, etc. The desired envelope signal 
could be selected by switching. 

A GO/NO GO circuit would also be useful. This circuit 
would determine if an integral number of cycles of the sinusoid 
would exactly. Tit within the trapezoid. This circuit would 
be required to perform a division using digital circuitry. This 
is not a simple task and considerable additional circuitry would 
be required. 

The rise/fall times and duration time are selected manually. 
Additional circuitry could be added to enable these parameters to 


be externally controlled. 
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APPENDIX A 


CALCULATION OF THE BURST FOURIER TRANSFORM 


For a given sine wave, sin(w + + $), where wis the 
angular frequency, t is time, and @ is the phase angle, and an 
arbitrary envelope signal, x(t), the composite signal (or tone 
burst), b(t), will be given by: 

b(t) = fe(t)]} [sine + 9)] 
Then, | 
Fr foce} “Hace) « sin(wt + 0)| © Ge, A) 
where #5} represents the Fourier transform. 
pee {b(t} 
and Ffx(t} 


B@) 


X@) 


where #™ is the frequency variable 
Equation A.1 can be written as: 
Bw) = Pf(ef * Ffsin(o ec + of — equ. a.2) 
where * represents convolution 
Equation A.2 can be expanded to give: 

BWW) = [ko] * P{(sinwt) (cos®) + (cost) (sind } 

For any given burst, ¢ will be a constant. Thus, the 
trigonometric functions of @ will also be constants and can be 
removed from under the Fourier transform operator. This yields: 

B®) = [k@)] * [(cosd) F feinw,c} + (sind) F feos, J] 
Completing the transform operations gives: 

B@) = [ico] #ficose) /5)[f@-0) - Sore] 

+ (sin) Gr) [ee a) ep foray] 
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where gd W) is the Dirac delta function. 4 


Performing the convolution pivesee 


B(®) = (cos) (/3)[x@- a> xw+w )] 
+ (sind) (w)[x@-2) + xe+H,)] 
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This filter was constructed as an active filter, that is, an op- 


The phase locked loop employs a filter designated F(s). 


APPENDIX B 


CALCULATION OF LOOP FILTER RESPONSE: 


erational amplifier was used to implement the required transfer 


function. 


where, 


ihescircuitgissilluctrated iin Fipure Ble 


Lblustration co. the 


open loop gain of the operational amplifier 


transform 


Gigansisousnl 


transform 


transform 


transform 


Laplacian variable 
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of 
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of 


of 


Waiilieer Calieeualie 


the input voltage 
the output: voltage 


the summing juncton 


the input current 


the feedback current 


resistance of the input resistor 


resistance of the feedback resistor 


Figure B.l 
v, (s) = the Laplace 
V5 (¢s) = the Laplace 
Vacs) = the Laplace 
voltage 

I (s) = the Laplace 
1.(s) = the Laplace 
Aor, = the 

Ss = the 

Ri ene 

Ro = the 

C = the 


capacitance of the capacitor 
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Assuming that the input impedance of the operational 
amplifier is very large, then the input current will equal the 
feedback current. This gives: 

I; (s) = I¢(s) 


or 


Ve) aaa V,(s) ats) ase (s) 


R R 


1 9 + 1/sc 


But Vo(s) = V,(s) /Aor, 


Therefore: 


V, (s) . V6 (3) E “Vo (9745, : V,(s) 
Ry Aor Ry Ry + 1/scC Ry + 1/sC 


This expression can be approximated if Ap; is very large. 
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APPENDIX C 


ADDITIONAL CIRCUIT DETAILS 


Gre Introduction 
The circuit details of the more novel circuits used in 
the tone burst generator were given in Chapter 4. This appendix 


gives the circuit details of the circuits that are of a more standard 


nature. 


Ca2 The Local Oscillator 
This oscillator was crystal controlled to ensure fre- 
quency stability. A schematic diagram of this circuit is shown 


in Figure cathe’ 


loo 
64+15 
laf 
6th i 
27K 27K ‘ 
10 
e bol, f 
2001S, 
ZN 5087 'Sp f i. 2M 5037 
eee aK olaf 
Output 
(ook 
1SK err (0K 
Ga-tS Lok 
256.000 KHe 
olyt 
Wen 


Figure C.l Schematic Diagram of the Local Oscillator 
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Cz3 The Mixer 


A mixing operation is an analog multiplication process. 
Consequently, an integrated circuit multiplier was used to perform 


this operation. The basic system is illustrated in Figure C.2. 


: operational 


amplifier 


wave 
Output 


trap 


Biguces Ga2 Basic Mixer Layout 

The multiplier accepts inputs from the voltage controlled 
oscillator and from the local oscillator. These signals are mult- 
iplied together. This operation produces both sum and difference 
frequencies. Low pass elements are included in the multiplier 
circuitry and in the operational amplifier circuit to suppress the 
sum frequency. The multiplier provides a differential output. The 
operational amplifier was used to convert this signal to a single 
ended signal. The wave trap was included to suppress any signals 
that feed through to the output from the multiplier inputs. A 
schematic diagram of the mixer circuit is given in Figure C.3. 
Gig The Schmitt Triggers 

The outputs of the local oscillator and the mixer are 
required to drive digital circuitry but are sinusoidal in nature. 
Thus, two Schmitt triggers were required. The square wave outputs 
must have very fast fall times to operate the digital circuitry. 


Consequently, integrated circuit logic gates were used to square 
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Figure C.3 Schematic Diagram of the Mixer 


65 
the input sine waves. Schematic diagrams of the Schmitt triggers 


are given in Figure C.4. 
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Figure C.4 Schematic Diagrams of the Schmitt Triggers 
S65) The +N Digital to Analog Converter 

The output of this digital to analog converter is used 
to coarse tune the voltage controlled oscillator. The converter 
uses a weighted summing network to achieve the conversion. The 
digital inputs are obtained from the programming of the $N counter. 
Since the programming inputs can arise from an external source, 
logic gates are used to buffer the inputs. A schematic diagram 


of the converter is shown in Figure C.5. 
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Schematic Diagram of the +N Digital to 
Analog Converter 


Figure C.5 
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Go2b The Modulator 


This circuit is required to amplitude modulate the 
sinusoid generated by the phase locked loop with the trapezoid 
generated by the trapezoid generator. ‘Since amplitude modulation 
is an analog multiplication process, an integrated circuit mul- 
tiplier was used to perform this operation. A schematic diagram 
of the modulator is shown in Figure C.6. The multiplier performs 
the modulation while the operational amplifier is used to convert 


the multiplier's differential output to a single ended output. 
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Figure C.6 Schematic Diagram of the Modulator 
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68 
Gad The Power Amplifiers 
Two power amplifiers were required. The amplifiers are 
of an operational amplifier configuration. A schematic diagram 
of one of the power amplifiers (they are identical) is shown in 
Figure C.7. Table C.1 shows the output power as a function of the 


feedback element. 
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Figure C./7 Schematis Diagram of the Power Amplifiers 
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CTS" The" Rise/ Fall Digital’ to Analor Converter 

This digital to analog converter uses a weighted sum- 
ming network to achieve the conversion. The digital inputs are 
obtained from the programming of the Rise/Fall counter. A schematic 


diagram of this circuit is shown in Figure C.8. 
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Figure C.8 Schematic Diagram of the Rise/Fall Digital 
to Analog Converter 
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eee | The Reference Frequency Prescaler 
a SRE EETEEEES 
This circuit divides the local oscillator frequency 
down to give the reference frequency input to the phase comparator. 


A schematic diagram of this circuit is shown in Figure C.9. 
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Figure C.9 Schematic Diagram of the Reference Prescaler 
c.10 The Unijunction Oscillator and Antibounce Circuit 


In the AUTO trigger mode, trigger pulses are obtained 
Bhi A local low frequency unijunction transistor oscillator. This 
oscillator can be set to have a pulse repitition rate of from 
1 pulse/second to 1 pulse/9 seconds. A schematic diagram of this 


cireuit is. given ingrisure C.10. 
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Figure €.10 Schematic Diagram of the Unijunction 
Transistor Oscillator 
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In the MANUAL trigger mode, trigger pulses are obtained 
from a manual pushbutton. An antibounce circuit is required to 
prevent sporadic triggering that would result from the pushbutton 


contact bounces” This ‘circuit is illustrated in Figure C:11- 
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Figure C.1l Schematic Diagram of the Antibounce Circuit 
Gala The +3.6 vde Power Supply 

A +3.6 vdce power supply is required to operate the 
digital circuitry used in the tone burst generator. A schematic 


dtasram’ or this circuit is%shown,sin Figure Cri2. 
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Figure C.12 Schematic Diagram of the +3.6 vdc Power Supply 
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Guz The (+15 vde Power Supply 
a NS. Sin 


The analog circuitry used in the tone burst generator 
operates from +15 vde power supply. A schematic diagram of this 


eireult wsecivensin KicurerG.l3. 
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Figure C.13 Schematic Diagram of the +15 vdce Power Supply 
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